We investigate experimentally the state bistability driven by current or feedback in a 1550 nm vertical-cavity surface-emitting laser (1550 nm-VCSEL) with negative optoelectronic feedback (NOEF). The results show that through continuously varying the controlled parameters such as the bias current or the feedback strength along different routes, under a set of given system parameters, there may exist two kinds of output states, i.e., state bistability, which are critically dependent on the history of how the controlled parameters are varied to reach the given values. Within the varied range of bias current or feedback strength, the state bistability is shown via the time series, power spectrum, and phase portrait of the output signal, and the physical mechanisms for the state bistability appearing in the NOEF 1550 nm-VCSEL are analyzed. Furthermore, the complexities of the corresponding states are evaluated by calculating the characteristic value of the normalized permutation entropy of the output from the NOEF 1550 nm-VCSEL. Additionally, by revealing the evolution of the dynamical states under the increase and decrease in the controlled parameters, the ranges of the parameters required for generating current-induced or feedback-induced state bistability can be specified to certain degree.
Introduction
Over the past few decades, the phenomenon of bistability or multistability has been found in diverse fields of basic science such as electronics, optics, chemistry, biology, and neurons and has gained much attention due to its application prospect [1] - [7] . The phenomenon of bistability or multistability means that, under a set of given system parameters, bi-or multi-possible output characteristics can be observed by continuously varying some controlled parameters of a dynamical system along different routes. For years, the bistability in semiconductor lasers (SLs) under external perturbations, including optical feedback (OF), optical injection (OI), or optoelectronic feedback (OEF), has attracted much attention due to its applications in all-optical signal processing, optical information storage, and optical communication [8] - [15] .
The bistability or even multistability phenomena in delayed feedback SL systems and injected SL systems has been widely investigated experimentally and theoretically [8] - [18] . For example, Farias et al. experimentally demonstrated the frequency bistability in a SL under a polarization-rotated frequency-dependent feedback [8] . Masoller et al. theoretically analyzed the results reported in Ref. [8] based on the rate equation model after considering the thermal and gain-saturation effects [9] . Loose et al. studied experimentally and theoretically the frequency tristability in a multi-section SL subject to delayed OF, and the SL can emit at one of three different wavelengths depending on how the point of operation is reached [10] . For SLs subject to OI, Li theoretically investigated the characteristics of optical bistability and demonstrated there exists a lowest injected power for the external light to realize the frequency bistability for a fixed bias current, and meanwhile there is a lowest frequency detuning to achieve power bistability [11] . Huybrechts et al. theoretically and experimentally studied power bistability in a distributed feedback semiconductor laser (DFB-SL) with OI and demonstrated fast all-optical flip-flop operation using pulses with a length of 7 ps and repetition rates of 2 GHz [12] , [13] . Under negative optoelectronic feedback (NOEF) [16] or positive optoelectronic feedback (POEF) [17] , our group experimentally reported the dynamical state bistability and multistability in a DFB-SL, and demonstrated that for a set of given system parameters, the dynamical state bistability or multistability can be achieved by continuously varying the controlled parameters along different routes, and the final state of the laser critically depends on the history of how the controlled parameters are varied to reach the given value.
The investigations on bistability or multistability phenomena mentioned above are mainly focused on conventional edge-emitting SLs. Compared with edge-emitting SLs, vertical-cavity surfaceemitting lasers (VCSELs) own some unique advantages [19] - [21] . Therefore, in recent years, many efforts have been transferred to explore the bistability characteristics in a VCSEL under different external disturbances, where the power bistability phenomena have be widely investigated in a VCSEL under OF and OI by varying some controlled parameters such as the bias current, the delayed time, the injected optical power or the frequency of the injected light along different routes [22] - [32] . Also, we have noticed that, although the OEF system is relatively flexible because of its convenience to electric control and its insensitivity to optical phase variations [33] , the investigations on dynamical state bistability of VCSELs with OEF are still relative lacking. In this work, we focus on the current-induced and feedback-induced state bistability in a 1550 nm-VCSEL with negative optoelectronic feedback (NOEF). By means of the time series, power spectra and phase portraits, the dynamical states of the VCSEL are judged. Based on the evolution of dynamical states of the laser obtained through varying the controlled parameters (bias current or feedback strength) along different routes, the parameter ranges required for achieving state bistability are determined. Moreover, the complexities of different dynamical states are evaluated through calculating the normalized permutation entropy (PE) of the output from the NOEF VCSEL. Fig. 1 shows the experimental setup. A commercial 1550 nm-VCSEL (Raycan) is used in this experiment, and it is driven by an ultra-low noise current (ILX-Lightwave LDC-3724C) source, by which the laser temperature can be controlled to an accuracy of 0.01°C. Throughout the experiment, the temperature of the VCSEL is stabilized at 20.28°C. The output of the laser is divided into two optical branches by a 20/80 fiber coupler (FC1) after passing through an optical isolator (ISO). The 80% output is further divided into two parts by another 10/90 FC (FC2) after passing through a variable attenuator (VA1). The 90% output from FC2 is converted to an electronic signal by a 12 GHz bandwidth photodetector (PD1, New Focus 1544-B), and the electronic signal is amplified by an electronic amplifier (EA, Agilent 83006A) and then is fed back to the laser. The 10% output from FC2 is sent to the power meter (PM) for monitoring the optoelectronic feedback strength, which can be varied by adjusting the variable attenuator (VA1). The other 20% output from FC1 passes through an erbium-doped fiber amplifier (EDFA), VA2, and FC3, and is then sent to the detection system. The optical spectrum is directly monitored by an optical spectrum analyzer (OSA, Ando AQ6317C) whose wavelength resolution is 0.015 nm. The electronic detected system is composed of a 47 GHz bandwidth PD (PD2, u 2t XPDV2150R), a digital oscilloscope (OSC, Agilent X91604A, 16 GHz) and an electrical spectrum analyzer (ESA, Agilent E4407B with 26.5 GHz bandwidth). The power spectra and the time series are monitored by the ESA and OSC, respectively. In this experiment, the 1550 nm-VCSEL is subjected to negative optoelectronic feedback (NOEF) due to the negative gain of PD1. Generally, the feedback strength ξ of an optoelectronic feedback laser system is usually defined as the ratio of the feedback current to the bias current of the laser [15] . However, limited by the measuring instrument in this experiment, the feedback current cannot be detected. As an alternative, we use the ratio of the input optical power of PD1 in the feedback loop to the output power of the free-running 1550 nm-VCSEL to characterize the feedback strength ξ [17] , [33] . The optoelectronic feedback round-trip time τ f is fixed at 40 ns, and the corresponding frequency of the feedback loop f e is about 25 MHz.
Experimental Setup

Experimental Results and Discussion
Fig . 2 shows the experimentally measured polarization-resolved P-I curve and optical spectra of the free-running 1550 nm-VCSEL biased at I = 2.4 mA and I = 7.2 mA, respectively. As shown in Fig. 2(a) , the threshold current of the laser is approximately I th = 1.5 mA. For I th ≤ I < 6.7 mA, the parallel linear polarization mode with a short wavelength (defined as y-LP mode) is lasing and meanwhile the orthogonal linear polarization mode with a long wavelength (defined as x-LP mode) is suppressed. When the bias current is about 6.7 mA, an abrupt polarization switching (PS) from the y-LP mode to the orthogonal x-LP mode happens. The physical interpretation of PS from the short wavelength mode (y-LP mode) to the long wavelength mode (x-LP mode) is attributed to the spectral shift of the material gain maximum relative to the cavity resonance modes, which is originating from the heating effect of the bias current [34] . Further increasing the bias current from 6.7 to 8.0 mA, the x-LP mode becomes the dominant mode while the y-LP mode is suppressed, and no further PS occurs. As two examples for the cases before and after PS occurred, the optical spectra under I = 2.4 mA and I = 7.2 mA are given in Fig. 2(b) and (c), respectively. For I = 2.4 mA (as shown in Fig. 2(b) ), two orthogonal polarizations of the fundamental transverse mode separated by approximately 0.26 nm can be observed, and the dominant y-LP mode oscillates at 1533.58 nm and meanwhile the subsidiary attenuated x-LP mode is located at 1533.84 nm. Such a frequency splitting between the two orthogonal polarization modes seems to be a general feature in commercial 1550 nm-VCSELs due to the influences of weak anisotropy in the gain medium and the stress introduced during the fabrication and encapsulation [24] - [26] . For I = 7.2 mA (as shown in Fig. 2(c) ), the x-LP mode becomes the dominant mode, and meanwhile, the y-LP mode is suppressed. Although the wavelengths of the two polarization modes shift to long wavelength with the increase of the bias current, the wavelength difference between the two polarization modes almost maintains at a constant level during the experiment. As a result, for the free-running 1550 nm-VCSEL biased at I ࣘ 8.0 mA, only two polarization modes of the fundamental transverse mode oscillate and high-order transverse modes have not be observed. Fig. 3 shows the variation of the relaxation oscillation frequency f R of the free-running 1550 nm-VCSEL with the bias current. As shown in this diagram, within the bias current range during the experiment, the f R exhibits a nonlinear varied trend with the increase of bias current. With the increase of the bias current, f R sharply grows for the bias current just above the threshold, but slowly increases once the bias current is larger than 2.4 mA. During the whole experiment, the bias current is varied within a range of 2.4 to 7.2 mA, and the corresponding f R is located at the range of 2.0-2.7 GHz.
During this experiment, the bias current is varied manually within a range of 2.4-7.2 mA. When the bias current I is varied along different routes (increasing from 2.4 mA or decreasing from 7.2 mA) to reach a fixed value, the output dynamics of the negative optoelectronic feedback (NOEF) 1550 nm-VCSEL biased at the given bias current may be different, i.e., bistable states exist in the NOEF 1550 nm-VCSEL. Fig. 4 shows the time series, the power spectra and corresponding phase portraits of the laser output under different bias currents, where the bias current I is (a) 3.2 mA, (b) 4.0 mA, and (c) 5.8 mA, and the labels "i" and "ii" represent two cases for increasing I from 2.4 mA and decreasing I from 7.2 mA to the given value, respectively. The feedback strength ξ defined as the ratio of the input optical power of PD1 in the feedback loop to the output power of the free-running VCSEL, is set as ξ = 0.52. For the case that I reaches 3.2 mA after gradually increasing from 2.4 mA (see Fig. 4(a) ), the time series output from the NOEF 1550 nm-VCSEL are composed of pulses with the period of 0.58 ns, and the pulsing intensities are modulated. As shown in the power spectrum, the strongest peak is located at f 1 = 1.71 GHz, which equal the inverse of the period of the pulse (0.58 ns). Moreover, based on the inset of the power spectrum for providing a fine resolution of power spectrum within a small range of 0-0.2 GHz, the first peak emergences at 25 MHz, which is in accord with the frequency of the feedback loop f e (≈ 25 MHz). Therefore, the pulsing frequency is about 68 times of f e . Except the pulsing frequency f 1 = 1.71 GHz, an incommensurate f 2 = 2.22 GHz shows up in the power spectrum, which is close to f R . At the same time, the phase portrait shows a scattered distribution over a relatively large range. All these features indicate that the laser operates at a quasi-periodic pulsing (QP). However, if I reaches 3.2 mA after gradually decreasing from 7.2 mA, the time series with an approximately constant amplitude and separation, the corresponding power spectrum including a fundamental frequency of 2.20 GHz which is close to f R and its high-order harmonic, and the phase portrait with a dense dot. Hence, it can be determined that the laser operates at a regular pulsing (RP). As a result, there exist two possible output states of QP and RP at the fixed bias level I = 3.2 mA related to arriving paths, which indicates that the current-induced state bistability exists in the NOEF 1550 nm-VCSEL. For I = 4.0 mA (see Fig. 4(b) ), when I is gradually increased to 4.0 mA from 2.4 mA, the dynamical state of the laser can be judged as a chaotic pulsing (CP) because of the random intensity pulsing in the time series, the approximately continuous and broad frequency range in the power spectrum and a widely scattered distribution over a large range in the phase portrait. Conversely, for the case of decreasing I to 4.0 mA from 7.2 mA, the time series clearly show the modulation of the peak intensities and the phase portrait shows a scattered distribution. Meanwhile, two or above incommensurate frequencies exist in the power spectrum, and the strongest frequency peak operates at about 2.21 GHz, which is close to f R . So, the NOEF 1550 nm-VCSEL behaves as a QP state. For a relatively large current I = 5.8 mA (see Fig. 4(c) ), the output dynamical states of the NOEF 1550 nm-VCSEL may be RP or QP, which depends on the varying route of the bias current. By the way, it should be pointed out that, due to the influence of the system noise originated from the laser, PD and detected instrument, it is difficult to clearly distinguish different dynamical states only via phase portrait, and more accurate identifications of different dynamical states usually need to comprehensively evaluate the time series, power spectra, and corresponding phase portraits [33] . Based on above experimental results, one can deduce that the current-induced state bistability at a certain bias level in a NOEF 1550 nm-VCSEL may occur due to different initial conditions characterized by different varied routes of the bias current I.
In order to systematically explore the state bistability behaviors of the NOEF 1550 nm-VCSEL resulted by the variation of the bias current along different routes, next the evolution of the dynamical states with the bias current is investigated in detail, and meanwhile the characteristic value (h s ) of the normalized permutation entropy (PE) are also calculated to efficiently evaluate the complexity of the time series. The definition and parameter selection for PE can be found in [35] and [36] . Considering the suggestions in [35] , we set D as 6 for calculating the values of PE as a function of the embedding time-delay τ e , and the value of h s can be obtained through extracting the minima of PE with a τ e range of [35 ns, 45 ns] nearby τ f ( = 40 ns). Fig. 5 displays the evolution of the dynamical states and h s of dynamical output from the NOEF 1550 nm-VCSEL with the bias current, where the arrows show the varied routes of the bias current and different symbols correspond to the different dynamical states. From this diagram, it can be seen that, for the NOEF 1550 nm-VCSEL operating at RP states, there are relatively low values of h s (<0.70). For the NOEF VCSEL operating at QP state, the values of h s are within the range of 0.80-0.90. When the VCSEL operates at chaotic pulse sate, the values of h s are more than 0.90 due to high complexity. With the increase of the bias current from 2.4 to 7.2 mA, the output dynamical state of the laser experiences a complex evolution process following a state route of RP-CP-QP-CP-QP-RP-QP-RP. However, with the decrease of the bias current from 7.2 to 2.4 mA, the laser undergoes a different route of RP-QP-CP-QP-RP-CP-RP. Within the whole current range in the experiment, two wide state bistability regions are visible, where one is located at 2.8 mA ࣘ I ࣘ 4.2 mA, and the other is located at 5.6 mA ࣘ I ࣘ 6.4 mA. Within the two state bistability regions, there exists large offset for h s of two possible dynamical states obtained under identical system parameters, which can also be taken as a proof for verifying the existence of state bistability. Additionally, in some regions no state bistability can be found. The physical mechanisms to result in such state bistability under a fixed current are very complex. On one hand, after introducing the time-delay NOEF, the freedom degree of the system is increased and the nonlinearity of the VCSEL is enhanced [7] . On the other hand, the dynamical state of the laser under a fixed current is highly sensitive to initial received feedback situation. It is easy to understand that for a NOEF VCSEL with a given current level, the laser will correspond to different initial feedback situations if the bias level is reached by different routes (increasing or decreasing the bias current). Above two points may lead to the phenomenon of state bistability in the NOEF 1550 nm-VCSEL.
Besides the bias current I, the feedback strength ξ is another key controlled parameter to possibly affect the dynamical states of the NOEF 1550 nm-VCSEL. Now, we will focus on the situation that I is fixed at 5.0 mA while ξ is manually adjusted within the range of 0.30 to 0.62. When ξ is varied along different routes (increasing from 0.30 or decreasing from 0.62) to reach a given value, the NOEF 1550 nm-VCSEL can operate at two different dynamical states, and then the feedback-induced state bistability happens. Fig. 6 shows the time series, the power spectra and corresponding phase portraits of the laser output under different feedback strength ξ for I = 5 mA, where ξ is (a) 0.32, (b) 0.42, and (c) 0.56, and the labels "i" and "ii" represent the two cases of increasing ξ from 0.30 and decreasing ξ from 0.62 to the given value, respectively. As shown in this diagram, continuously increasing ξ to 0.32 from a relatively smaller value 0.30 (see Fig. 6(a) ), the output dynamical state is a steady state (SS) derived from the time series with small ripples and the power spectrum similar to noise floor. However, if ξ is decreased from 0.62 to 0.32, the VCSEL exhibits a RP state with a fundamental frequency at 2.61 GHz close to f R , i. e. for the given ξ = 0.32, the VCSEL maybe operate at one of two dynamical states depended on the varied routes of ξ. For ξ = 0.42 (see Fig. 6(b) ), two possible dynamical states can also be observed, where one is the QP with the peak frequency of 2.61 GHz (≈ f R ) when ξ is increased to 0.42 from 0.30, and the other is the RP with a fundamental frequency of 2.18 GHz (≈ 87 f e ) when ξ is decreased to 0.42 from 0.62. For ξ = 0.56 (see Fig. 6(c) ), CP (QP) state is observed if ξ is increased (decreased) to 0.56 from 0.30 (0.62). Therefore, through varying ξ along different routes within a suitable range, feedback-induced state bistability can be also achieved in the NOEF 1550 nm-VCSEL. Fig. 7 further shows the evolution of the dynamical states and the characteristic value of PE (h s ) of dynamical output from the NOEF 1550 nm-VCSEL with the feedback strength ξ within the range of 0.3 to 0.62 along different varied routes, where the arrows show varied routes of ξ and different symbols correspond to different dynamical states. Firstly, we analyze the case of increasing ξ from 0.3 to 0.62. For ξ between 0.30 and 0.32, the output state of the VCSEL is SS and the value of h s is close to constant 1, which means a fully random stochastic dynamics originated from the system noise (see Fig. 6(a) ). Further increasing ξ from 0.32, the h s value is decreased abruptly and the dynamical state of the NOEF 1550 nm-VCSEL is transformed into RP. When ξ is increased to 0.40, the dynamical state evolves into QP and the value of h s is about 0.8. If ξ is increased above 0.42, the dynamical state of the laser is returned to RP. After that, the dynamical state of the laser will transform into QP with a dramatic increase of h s value. For ξ is increased from 0.53 to 0.62, the VCSEL operates at CP, and the corresponding PE values are more than 0.90. Contrary to above case, if we decrease ξ from 0.62 to 0.30, the dynamical states of the laser undergo another variation process of CP-QP-RP, and thus feedback-induced state bistability may Additionally, limited by the all-fiber connection in this experimental system, the time-delay of the feedback loop (τ f ) cannot be varied continuously and freely, and then the investigation on the effect of τ f has not implemented in present. Based on our previous experience on the state bistablity in the edge-emitting SLs under OEF [16] , it can be predicted that, for the NOEF 1550 nm-VCSEL, the state bistability and even muti-stability may be observed through continuously changing τ f along different routes.
Conclusion
In summary, we have performed an experimental investigation on the state bistability in a 1550 nm-VCSEL with negative optoelectronic feedback (NOEF). Through continuously varying the bias current I or the feedback strength ξ along different routes, for a set of given system parameters, the VCSEL maybe exhibit two different dynamical states characterized by time series, power spectra, and phase portraits. Within a finite varied range of I or ξ, the evolution of dynamical states is analyzed, and meanwhile the complexity of the output from the laser is judged by evaluating the characteristic value (h s ) of the normalized permutation entropy (PE). Under fixing ξ (or I) and varying I (or ξ), multiple regions of current-induced (or feedback-induced) state bistability can be observed, and the parameter ranges required for emerging state bistability in the NOEF 1550 nm-VCSEL are determined.
